The study of numerical methods and validation of a heat and mass transfer model in CO2 -MEA system  by Luo, Xiao et al.
Available online at www.sciencedirect.com
   
 
Energy  Procedia  00 (2010) 000–000 
 
Energy 
Procedia 
 
www.elsevier.com/locate/XXX
 
GHGT-10 
The study of numerical methods and validation of a heat and mass 
transfer model in CO2-MEA system 
Xiao Luo, Ardi Hartono, Magne Hillestad, Hallvard F. Svendsen 
Department of Chemical Engineering, NTNU, Sem Sælands vei 4, N-7491 Trondheim, Norway 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
The implementations of a penetration type of the heat and mass transfer model for CO2 absorption into MEA solution in 
MATLAB were performed and validated with the experimental data from a String of Discs Contactor (SDC). The numerical 
PDEs solution method and its implementation were key factors in obtaining a stable, robust and fast computation. The 
penetration model of heat and mass transfer was implemented for testing a variety of numerical methods. It was found that the 
finite differences (FDM), in general, was not a proper algorithm in the case of high reaction rates as we observed an excessive 
number of discretization points were needed. Both a non-uniform adaptive grid routine, and a method based on orthogonal 
collocation were accurate and robust, and gave relatively fast solution. However, of the two, orthogonal collocation was by far 
the fastest. Based on this numerical scheme, the combined heat and mass transfer model will be developed further in the next 
phase of this study. 
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1. Introduction 
In CO2 absorption processes large mass and heat transfer driving forces occur several places, absorber top and 
possibly bottom, water wash section and in the desorber. Good fundamental models for the combined heat and mass 
transfer including chemical reaction and convective mechanisms are still lacking. A proper description of the 
transfer processes is vital for improved absorption process simulation and optimization. 
The numerical mass transfer modeling for interpreting the absorption data of CO2 into amine solutions has been 
studied for many years[1,2]. Normally the film theory is used but also the penetration model is in use in case a 
chemical reaction occurs in the liquid phase. Numerically the solution of these two models is different as the film 
model, upon discretization, will give rise to a set of algebraic equations, whereas the penetration model can be 
discretized spatially and solved in time by integration. Which one to use may more be a matter of taste, but the 
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penetration model may be more stable as the starting point, or initial guess, is given. Since the reaction rate between 
CO2 and MEA is quite high, the problem is very stiff with a very steep concentration profile for CO2 and less so for 
the amine constituents and for temperature. To find an appropriate method to approach this solution with reasonable 
computational times thus becomes very important. 
Numerical solution of PDEs can mainly be divided in 3 different methods: finite differences (FDM), finite 
elements (FEM) and finite volumes (FVM). Very often an FDM technique has been used for solving this problem, 
like the Barakat-Clark method[3], the Cornelisee approach[4], and using the method of lines DSS routines, 
Schiesser[5]. The methods above are various kinds of forward, backward and central difference methods, called 
uniform fixed grid methods. A fixed grid may be disadvantageous in the amine absorption case. For better solving a 
stiff problem of PDEs, the subsection method can be considered. It divides the interval into two or more parts, and 
utilize a different mesh resolution for each. Also adaptive moving grid methods were developed by Schiesser[5], and 
Bloom-Zegling[6]. In PDE problems with steep moving fronts, it is advantageous to concentrate the grid points in 
the spatial interesting regions and to move them continuously in time. In this way the number of grid points can be 
significantly reduced. The orthogonal collocation method on finite elements is a subclass of the Method of Weighted 
Residuals (MWR) and a useful method for problems whose solution has steep gradients. The method can be applied 
to time-dependent problems, too. The method is a bit more complicated than the others, since ordinary differential 
equations and algebraic equations are combined. 
In this study, using CO2 absorption into an MEA solution in falling film flow as example, a variety of numerical 
methods were tested for predicting the rate of absorption of species and the heat flux in the CO2-MEA-H2O system. 
It takes into account the coupling between chemical equilibrium, mass transfer, heat transfer and chemical kinetics. 
The experimental kinetic data are provided by a string of discs contactor (SDC) experiments[7]. The capacity 
comparison of different numerical methods has been given in the end.  
2. Theory 
The overall chemical reaction taking place in the liquid phase at low CO2 loadings can be written as: 
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The reaction rate can be defined as: 
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In addition to this, the direct reaction between CO2 and OH- was taken into account. The OH-, water and amine 
were taken into account as bases in k2 using the termolecular mechanism, see Hartono et al.[7].  
2.1. Mass transfer model 
For the penetration model the material balances for each species yield the following set of equations: 
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These four non-linear partial differential equations must be solved numerically because an analytical solution 
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method is not available. Before solving this set of equations uniquely, one initial condition and two boundary 
conditions are necessary. As initial condition it is assumed that the system considered is in equilibrium for a given 
solute loading: 
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The ionic species are non-volatile and CO2 mass transfer in the film is assumed only caused by diffusion. The 
boundary conditions at the interface are as follow: 
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The boundary conditions in the liquid bulk can be expressed as: 
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2.2. Heat transfer model 
By taking into account the reaction heat, the overall heat transfer equation in the liquid film can be expressed as 
the following: 
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The initial condition is: 
0
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In the equation above the RH  is the heat of reaction in the liquid phase, including all liquid phase reactions, 
but excludin the heat of solution of CO2. The heat of solution of CO2, the vaporization heat of volatile species (H2O 
and MEA), and sensible heat transfer of CO2 are then included in the interface boundary conditions and are given as:  
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And the right side boundary conditions in the liquid bulk can be expressed as: 
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3. Comparison of numerical solutions 
A variety of numerical solutions were tested in this work: Uniform fixed grid methods (Central difference, 
DSS042, DSS044, DSS020, DSS002, DSS038), non-uniform fixed grid method (subsection), adaptive moving grid 
method and the Method of Weighted Residuals (orthogonal collocation). When using the uniform fixed grid method, 
since problem is stiff, many point mesh points are needed to get an accurate result. This results in high computation 
time. Fig 1 shows the effect of the number of grid points on the prediction of the CO2 concentration profile in the 
liquid film close to the gas-liquid interface. It can be seen that even with 500 points in the total interval, there are 
still a very small number of discretization points to predict the CO2 concentration trend in the steep section close to 
the interface. Less grid points in this area will significantly affect not only the interface value but also the integral 
result. 
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Fig. 1 Effect of number of grid points on the free CO2 concentration profile in the liquid film in the 3 percent of total mesh closest to the gas-
liquid interface 
 
From Fig.2 it can be seen that the adaptive routine can describe the CO2 trend very accurately, and that the 
concentration profile using a fixed grid fails in giving a proper description of the steep gradients at high reaction 
rates. 
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Fig. 2 Concentration profiles of free CO2 close to the interface (3% of the discretized liquid film is shown) 
 
For better predicting the CO2 flux with the stiff problem of CO2 transfer concentration profile both the subsection 
method, the adaptive moving grid and also the collocation method did very well. However, the subsection method 
spent much computation time to converge 3 boundary conditions. The adaptive moving grid method is more 
advanced, and it needs much fewer grid points and much less time than the sub-section method. However, it needs 
to generate the new and better adapted meshes, which takes time. Compared with these two, the orthogonal 
collocation method has an advantages on both accuracy and computation time. It uses collocation at the zeros of 
some orthogonal polynomial to transform the partial differential equation (PDE) to a set of ordinary differential 
equations (ODEs). The ODEs can then be solved by any method. It has been shown that it is usually advantageous 
to choose the collocation points as the zeros of the corresponding Lagrange polynomial. The collocation method will 
use more discretization points than the adaptive method but will still be quicker. 
In Fig.3, the predicted CO2 flux variation for each method is presented as a function of the number of grid points. 
Furthermore, the predicted CO2 flux is compared with the experimental data. As the figure shows, the calculated 
CO2 fluxes all converge at an approximate value which is within 10 percent deviation of the experiment data. This 
indicates that all the methods give the same results at high number of grid point. The Adaptive moving grid method 
and the orthogonal collocation method need only few mesh points to give convergence. However, the predicted 
results by all methods converged to a value below the experimental result 8.3*10-7 kmol/m2s. The difference, 
however, is reasonable, only 10-12% and this deviation does not lie in the numerical method, but in the underlying 
data. Focusing on the adaptive moving grid method and orthogonal collocation method in this figure, the differences 
between these two methods are not significant at all after convergence. 
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Fig 3 Comparison between predicted CO2 fluxes by using different numerical methods with a different number of grid points and the 
experimental data 
 
Fig. 4 is shown the predicted CO2 flux variation for each method as function of computation time spent. As can 
be observed, all the methods need much longer computation time to obtain convergence than the orthogonal 
collocation method which only needs few seconds to approach the final results. In the end, Fig. 5 gives an overview 
of the predicted profiles for the 4 main components concentrations and the temperature in the liquid film by using 
the orthogonal collocation method.  
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Fig 4 The predicted CO2 flux using the different methods as function of CPU time spent 
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Fig 5 Concentration and temperature profiles of all the chemical species present in the liquid film. These results are taken from orthogonal 
collocation method 
 
4. CONCLUSIONS 
The implementations of a penetration type of the heat and mass transfer model for CO2 absorption into MEA 
solution in MATLAB were performed and validated with the experimental data from a String of Discs Contactor 
(SDC). The numerical PDEs solution method and its implementation were found to be the key factor in obtaining a 
stable, robust and fast computation. The penetration model of heat and mass transfer was implemented for testing a 
variety of numerical methods. It is found that the finite differences (FDM), in general, is not a proper algorithm in 
the case of high reaction rates as we observed that an excessive number of discretization points were needed. Both a 
non-uniform adaptive grid routine, and a method based on orthogonal collocation are accurate and robust, and give 
relatively fast solution. However, of the two, orthogonal collocation is by far the fastest. Based on this numerical 
scheme, the combined heat and mass transfer model will be developed further in the next phase of this study. 
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